Density Functional Theory Study of the Oligomerization of Carboxylic Acids by Di Tommaso, D & Watson, KL
Density functional theory study of the oligomerization of carboxylic acids.
Di Tommaso, D; Watson, KL
 
 
 
 
 
“The final publication is available at http://pubs.acs.org/doi/abs/10.1021/jp509100u”
 
 
For additional information about this publication click this link.
http://qmro.qmul.ac.uk/jspui/handle/123456789/7510
 
 
 
Information about this research object was correct at the time of download; we occasionally
make corrections to records, please therefore check the published record when citing. For
more information contact scholarlycommunications@qmul.ac.uk
Subscriber access provided by Queen Mary, University of London
The Journal of Physical Chemistry A is published by the American Chemical Society.
1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.
Article
Density Functional Theory Study of the Oligomerization of Carboxylic Acids
Devis Di Tommaso, and Ken Leo Watson
J. Phys. Chem. A, Just Accepted Manuscript • DOI: 10.1021/jp509100u • Publication Date (Web): 30 Oct 2014
Downloaded from http://pubs.acs.org on November 10, 2014
Just Accepted
“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.
1 
 
Density Functional Theory Study of the Oligomerization of 
Carboxylic Acids 
Devis Di Tommaso* and Ken L. Watson 
School of Biological and Chemical Sciences, Queen Mary University of London, 20 Gordon 
Street, London WC1 H0AJ, United Kingdom 
 
30 October 2014 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Corresponding author: Dr. Devis DI TOMMASO, School of Biological and Chemical Sciences, 
Queen Mary University of London, 20 Gordon Street, London WC1 H0AJ, United Kingdom. 
Email: d.ditommaso@qmul.ac.uk. Phone: +44 (0)20 7882 6226 
Page 1 of 57
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
2 
 
Abstract	
We present a density functional theory [M06-2X/6-31+G(d,p)] study of the structures and free energies of 
formation of oligomers of four carboxylic acids (formic acid, acetic acid, tetrolic acid and benzoic acid) in 
water, chloroform and carbon tetrachloride. Solvation effects were treated using the SMD continuum solvation 
model. The low-lying energy structures of molecular complexes were located by adopting an efficient search 
procedure to probe the potential energy surfaces of the oligomers of carboxylic acids (CA)n (n = 2-6) The free 
energies of the isomers of (CA)n in solution were determined as the sum of the electronic energy, vibrational-
rotational-translational gas-phase contribution and solvation free energy. The assessment of the computational 
protocol adopted in this study with respect to the dimerization of acetic acid, (AA)2, and formic acid, (FA)2, 
locates new isomers of (AA)2 and (FA)2 and gave dimerization constants in good agreement with the 
experimental values. The calculation of the self-association of acetic acid, tetrolic acid and benzoic acid shows 
the following: (i) Classic carboxylic dimers are the most stable isomer of (CA)2 in both the gas phase and 
solution; (ii) Trimers of carboxylic acid are stable in apolar aprotic solvents;  (iii) Molecular clusters consisting 
of two interacting classic carboxylic dimers (D+D)T are the most stable type of tetramers but their formation 
from the self-association of classic carboxylic dimers is highly unfavourable; (iv) For acetic acid and tetrolic 
acid the reactions (CA)2 + 2CA → (D+D)T and (CA)3 + CA → (D+D)T are exoergonic but these aggregation 
pathways go through unstable clusters that could hinder the formation of tetrameric species; (v) For tetrolic acid 
the pre-nucleation species that are more likely to form in solution are dimeric and trimeric structures that have 
encoded structural motifs resembling the α- and β-solid forms of tetrolic acid; (vi) Stable tetramers of benzoic 
acid could form in carbon tetrachloride from the aggregation of trimers and monomers; (vii) Higher order 
clusters such as acetic acid pentamers and tetrolic acid hexamers are highly unstable in all solvation 
environments.  
Keywords: Molecular self-association; Free-energy computations; Quantum mechanical 
continuum solvation models;; Carboxylic oligomers. 
 	
Page 2 of 57
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
3 
 
1.	Introduction	
Thermodynamically stable pre-nucleation solvated clusters can have encoded structural 
motifs resembling the solid state form crystallizing from solution.1-3 Consequently, the 
determination of the structure and stability of molecular complexes is of importance to 
understand and predict the process of polymorph selection during crystallization from 
solution, that is, the ability of a molecule to crystallize in one specific solid state form 
depending on the solution composition (nature of the solvent and/or presence of additives in 
the solution).4-5 However, in order to determine which molecular clusters are 
thermodynamically stable in solution, a method for the quantification of their free energy of 
formation is required. 
Computational studies of the aggregation of organic molecules have largely relied on 
unbiased molecular dynamics, by means of which the structural information of molecular 
aggregates containing between two (dimer) and five (pentamer) units could be attained.5-8 
However, it is not possible using this technique to determine the free energy of formation for 
molecular clusters in solution. Free energy profiles or free energy surfaces associated with the 
process of molecular aggregation could be obtained by means of sampling techniques such as 
umbrella sampling9,10 and metadynamics,11,12 but the application of these methods require the 
identification of a suitable set of collective variables capable of describing the mechanism of 
self-association of the solute molecules.9,13,14 However, even for simple aromatic molecules 
such as benzoic acid, which could interact during the process of self-association via OH/O 
and OH/π hydrogen (H) bonding as well as π-π interactions, the choice of collective variables 
is not obvious. 
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An alternative computational approach that can be  adopted for the calculation of free 
energies of molecules and clusters in solution is based on quantum mechanical continuum 
solvation models,15-17 in which the solute is described at a quantum mechanical level (ab 
initio or DFT) and the solvent is treated as a polarizable continuum. In particular, the 
quantum mechanical treatment of molecular associates using modern density functionals 
specifically developed for non-bonding interactions18,19 can give an accurate description of 
H-bonding and van der Waals forces that are important in weakly interacting systems at an 
accessible computational cost. Moreover, polarizable continuum models represent a practical 
approach to simulate the solvation environment and determine the effect of the medium to the 
structure and stability of solutes in solution. This approach has been extensively applied to 
model the dimerization of organic molecules,15,20-24 but it has been hardly ever used to 
quantify the thermodynamic stability in solution of higher order molecular clusters such as 
trimers, tetramers, pentamers or hexamers. In fact, one of the main challenges in modelling 
the formation of weakly interacting molecular aggregates is the complexity of their potential 
energy surfaces (PES), which can be characterized by a large number of local minima 
separated by low-energy saddle points. Consequently, to obtain an accurate evaluation of the 
thermodynamic stability of molecular oligomers in solution, the most stable isomers on the 
PES of these species should be located. 
Here we report an approach to calculate the low-lying energy structures and free 
energies in solution of molecular clusters, where the solute is described at the DFT [M06-
2X/6-31+G(d,p)] level of theory,18,25 the solvent is treated using the SMD continuum 
solvation model,26 and an efficient approach is employed to locate the low-lying energy 
structures on the PES of molecular complexes.  We have applied this method to a selected set 
of molecular systems characterized by a systematic increase in the complexity of the 
Page 4 of 57
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
5 
 
molecular structure and inter-molecular interactions: formic acid, acetic acid, tetrolic acid and 
benzoic acid (see Table 1). We have chosen formic acid and acetic acid because previous 
theoretical13,23,24,27 and experimental28 investigations of the dimerization of these two 
molecules can be used as a benchmark to verify the accuracy of the methodology employed 
in the present work. Tetrolic acid is an example of a molecule that crystallizes in different 
polymorphic forms, and that exhibits selective crystallization depending on the solvent: the α-
form, based on a classic carboxylic motif, crystallizes from apolar aprotic solvents (CCl4 and 
CHCl3) and the β-form, based on a catameric chain structure, crystallizes from aqueous and 
alcoholic solutions.4 Benzoic acid is a model system that can form complex intermolecular 
interactions, i.e. OH/O and OH/π hydrogen bonds, all of which are important generally in 
polymorph formation. 
2.	Methods	
2.1	Electronic	structure	calculations	
All calculations were carried out with the NWChem (version 6.3)29and Gaussian0930 codes 
using the Minnesota 06 global hybrid density functional with 54% HF exchange (M06-2X) 
along with the 6-31+G(d,p) basis set. We have chosen M06-2X because its assessment 
against representative databases showed that this method is one of the most accurate density 
functionals for a combination of main-group thermochemistry, kinetics and noncovalent 
interaction.18,25,31 We have used the 6-31+G(d,p) basis set because when evaluating gas-phase 
binding energies the mere addition of diffuse functions on nonhydrogenionic atoms to a 
doubly polarized valence double zeta basis set provides a good compromise between 
accuracy and computational cost.18,32 Thermal contributions were calculated using the gas-
phase harmonic frequencies at the optimised geometries with the temperature and pressure 
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fixed at the values of 298 K and 1 atm, respectively. The frequencies were scaled by a factor 
of 0.97 in order to account for systematic errors in the density functional and for 
anharmonicity.15,33 Free energies of solvation were calculated using the SMD solvation 
model26  and the optimized gas-phase geometries. The SMD model was originally tested over 
a set of 2892 solvation free energies and transfer free energies for neutral solutes and ions in 
water and non-aqueous solutions, and the mean unsigned error (MUE) over 26 combinations 
of various basis sets and density functionals was 0.8 kcal mol-1 for neutral solutes, and 4.3 
kcal mol-1 for ions. In particular, the MUE in calculated solvation free energies of carboxylic 
acids was only 0.25 kcal mol-1 in water and 0.55 kcal mol-1 in organic solvents using the 
M06-2X/6-31+G(d,p) level of theory.26 The SMD model together with the M06-2X density 
functional was also applied to predict the free energies of aqueous solvation for 61 drug-like 
molecules in the SAMPL1 test set and the authors reported a MUE of 2.0 kcal mol-1.34 The 
SMD/M06-2X level of theory was also used by Ribeiro and co-workers to compute the 
partition coefficients of nucleobases between chloroform and water with a MUE of 0.8 kcal 
mol-1.15 We have also verified the re-optimization of the carboxylic acid molecules and 
clusters in the SMD solvation model but the effect on the free energies of association was 
minor. For example, the Boltzmann average values of the  trimerization constants of benzoic 
acid in water, chloroform and carbon tetrachloride computed according to the aggregation 
reactions 3BA → (BA)3 and (BA)2 + BA → (BA)3 changed by only 0.1 pK units when the 
structures of the monomer, dimers and trimers were optimized in the solution. 
2.2	Free	energies	of	association	in	solution	
The free energy of formation of carboxylic acid clusters were computed according to the 
following equation: 
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 ∆ܩ௔௦௦∗ ൌ ܩ஺஻∗ െ ܩ஺∗ െ ܩ஻∗  (1) 
where ܩ௑∗  is the total Gibbs free energy of the species X (X = AB, A or B) in the liquid at 298 
K, which was determined (see equation 2) by the addition of  
 ܩ௑∗ ൌ ܧ௘,௚௔௦ ൅ ߜܩ௏ோ்,௚௔௦° ൅ Δܩ௦௢௟௩∗ ൅ ܴ݈ܶ݊ሾ ෨ܴܶሿ  (2) 
the gas-phase total electronic energy of the solute (ܧ௘,௚௔௦), the vibrational-rotational-
translational contribution to the to the gas-phase Gibbs free energy (ߜܩ௏ோ்,௚௔௦° ) at T = 298 K 
under a standard-state partial pressure of 1 atm, the solvation free energy of the solute 
corresponding to transfer from an ideal gas at a concentration of 1 M to an ideal solution at a 
liquid-phase concentration of 1 M (Δܩ௦௢௟௩∗ ), and  the free energy change of 1 mol of an ideal 
gas from 1 atm to 1 mol L-1 (ܴ݈ܶ݊ሾ ෨ܴܶሿ = 1.89 kcal mol-1 at 298.15 K where ෨ܴ = 0.082052 K-
1).15,35,36 For multiple stationary points of a molecular cluster the free energy was determined 
as the Boltzmann ensemble average 
 〈ܩሺܺሻ〉 ൌ ෍ ௜݂ܩሺ ௜ܺሻ
ே
௜ୀଵ
 (3) 
where fi is the Boltzmann factor corresponding to the ith isomer, ܩሺ ௜ܺሻ	is the corresponding 
free energy and N is the number of low-lying energy structures located on the PES of X. The 
Boltzmann factor was determined according to 
 ௜݂ ൌ ݁
ିீሺ௑೔ሻ/ோ்
∑ ݁ିீ൫௑ೕ൯/ோ்௝
 (4) 
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where R is the universal gas constant, T is the absolute temperature (T = 298 K) and the index 
j runs over all isomers. 
2.3	Localisation	of	stationary	points	on	the	PES	of	carboxylic	acid	clusters	
The potential energy surfaces of weakly interacting carboxylic acid complexes, (CA)n, can be 
characterized by a very large number of minima. However, according to eqns. 3 and 4 only 
the low-lying energy structures of (CA)n will have a significant contribution to the Boltzmann 
average value of the Gibbs free energy. To locate the most stable isomers of a molecular 
cluster we have adopted the following computational strategy: 
i. For each carboxylic acid cluster (CA)n we generated several thousands of candidate 
structures using the Granada software,37 which has been designed to randomly 
distribute one or more molecules around a central unit (a monomer, dimer, trimer etc.) 
placed at the centre of a cube of defined side length, and extensively applied to study 
the microhydration and noncovalent interaction of molecular complexes.38-43 For 
example, to generate candidate structures for the trimer (CA)3 we considered the 
random distribution of one CA molecule around the most stable carboxylic acid dimer 
(the cyclic dimeric structure), and from the random distribution of two CA molecules 
around a central carboxylic acid molecule.  To sample the potential energy surface of 
the homologous clusters of the smaller carboxylic acids, formic acid and acetic acid, 
we simply generated a very large number of configurations (between 7500 and 
10000). For tetrolic acid and benzoic acid instead, we initially generated, using the 
Granada code, 80’000 configurations in a cube of approximately 10 Å, and then 
selected only those configurations such that the minimum distance between the 
central molecular unit (a monomer, dimer, trimer, etc.) and the randomly distributed 
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molecule(s) was less than 4.0 Å. To increase the sampling we rounded in excess the 
number of configurations by gradually increasing the cutoff distance used. The 
molecular units used to generate the candidate structures were fully optimized at the 
M06-2X/6-31+G(d,p) level of theory. 
ii. The energies of the candidate structures were evaluated at the M06-2X/6-31+G(d,p)  
level of theory using the electronic structure code NWChem and the Boltzmann factor 
fi corresponding to the ith configuration was determined as 
 ௜݂ ൌ ݁
ିሺா೔ିாబሻ ோ்⁄
∑ ݁ି൫ாೕିாబ൯ ோ்⁄௝
 (5) 
where Ei was the energy of the ith candidate structure and  E0 was the energy of the 
most stable candidate structure. 
iii. We considered the candidate structures with a Boltzmann factor fi ≥ 0.01 and, to 
increase our sampling, ten to fifteen randomly selected structure such that 3 ൑ ܧ௜ െ
ܧ଴ ൑ 15 kcal mol-1. These systems were subject to full geometry optimization using 
the Gaussian 09 code. The thermochemical properties and solvation energies of the 
optimized gas-phase geometries were also evaluated using Gaussian 09. 
The gas phase energies, thermal corrections to the Gibbs free energy, energies in the 
solvation model (including the SMD non-electrostatic terms), and the geometries of the 772 
low-lying energy structures of the carboxylic acids clusters located in this study are listed in 
Supporting Information. 
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3	Results	and	Discussion	
3.1	Assessment	of	the	method	
In this section we report the structures and energetics of formation of the dimers of acetic 
acid, (AA)2, and formic acid, (FA)2, in both polar (water) and apolar (chloroform and carbon 
tetrachloride) solvents. The values of absolute dimerization constants of (AA)2 and (FA)2 
have been obtained experimentally,28 and the potential energy surfaces of these two dimers 
have been subject to extensive theoretical investigation.13,23,24,27 The aim of this section is 
therefore to assess the searching procedure described in section 2.3 to locate the stationary 
points on the PES of (CA)n complexes, and the SMD/M06-2X/6-31+G(d,p) level of theory to 
evaluate the thermodynamic properties in solution of carboxylic acid clusters. 
Figure 1 displays the optimized structures and relative energies in the gas-phase of 
acetic acid dimers. The analysis of the vibrational spectrum of these structures confirmed that 
they are minima on the PES of (AA)2. Chochouloušová and co-workers previously applied a 
molecular dynamics / quenching procedure to investigate the PES of the acetic acid dimer 
and located six low-lying energy isomers of (AA)2 (I to V and IX in Figure 1).23 Using our 
computational protocol we could locate isomers I-V but not IX, which structure was taken 
from reference 23. On the other hand, we have found three new isomers of (AA)2 (VI, VII 
and VIII in Figure 1) that are lower in energy than IX. The relative energy of IX with respect 
to the global minima I is 14 kcal mol-1 and we have not locate this isomer probably because 
only some of the candidate structures with a relative energy lower than 15 kcal mol-1 were 
subject to geometry optimization. 
The structures and gas-phase energies of the low-lying structures of the formic acid 
dimer are shown in Figure 2. We located five of the six isomers of formic acid dimers 
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previously reported by Chochouloušová et al.27,44 (I-V) but we could not determine isomer 
VII (ΔE = 13 kcal mol-1), which structure was taken from reference 27. However, the 
contribution of VII to the Boltzmann average value 〈ܩሺܨܣሻଶ〉 is negligible. Figure 2 also 
reports a new isomer of (FA)2 (structure VI) that is lower in energy than VII. We can 
therefore conclude that the strategy adopted in this study to probe the potential energy 
surfaces of molecular clusters is capable of locating the most stable isomers of the oligomers 
of carboxylic acid.  
In Table 2 are compared the values of dimerization constant (pKD) of acetic acid and 
formic acid computed at the SMD/M06-2X/6-31+G(d,p) level of theory with those obtained 
experimentally45-47, and by means of free energy (umbrella sampling) molecular dynamics 
simulations of the formation of (AA)2 and (FA)2 in explicit water.13 In this work the 
dimerization constants in solution were computed via K஽ ൌ െ logሾexp	ሺ∆ܩ௔௦௦∗ ܴܶሻ⁄ ሿ, where 
∆ܩ௔௦௦∗  is the free energy of dimerization computed according to eqn. 1 using the Boltzmann 
averaged free energies of (AA)2 and (FA)2. In water both SMD/M06-2X/6-31+G(d,p) and 
potential mean force (PMF) methods give values of pKD that are 0.2 – 1.2 units lower than 
the experiment, and in  chloroform the dimerization constant of acetic acid computed at the 
M06-2X/6-31+G(d,p) level is 0.5 units lower than the experimental value. Using the 
methodology employed in this work, the uncertainty in the evaluation of the free energy of 
association (∆Gୟୱୱ∗ ) can be written as the sum of  
 εሺ∆Gୟୱୱ∗ ሻ ൌ ε൫∆Eୣ,୥ୟୱ൯ ൅ ε൫∆δG୚ୖ୘,୥ୟୱ° ൯ ൅ εሺ∆ΔGୱ୭୪୴∗ ሻ (6) 
the error in the evaluation of the gas phase interaction energy in the gas phase (∆Eୣ,୥ୟୱ), the 
error in the vibrational-rotational-translational contribution to the gas-phase reaction free 
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energy (∆δG୚ୖ୘,୥ୟୱ° ), and the difference between the error in the evaluation of the solvation 
free energies of the product and reactants (∆ΔGୱ୭୪୴∗ ). In particular, for the dimerization 
process the error in the solvation free energy contribution to the reaction free energy is 
 ߝሺ∆ΔGୱ୭୪୴∗ ሻ ൌ ߝሾΔGୱ୭୪୴∗ ሺDሻሿ െ 2ߝሾΔGୱ୭୪୴∗ ሺMሻሿ (7) 
where εൣΔGୱ୭୪୴∗ ሺDሻ൧ and εൣΔGୱ୭୪୴∗ ሺMሻ൧ are the mean unsigned errors in the calculated 
solvation free energies of carboxylic acids, which, as discussed in Section 2.2, have been 
found to be 0.25 kcal mol-1 in water and 0.55 kcal mol-1 in organic solvents. Therefore, we 
expect the uncertainty associated with the SMD/M06-2X/6-31+G(d,p) solvation model to be 
in the range of 0 – 0.75 kcal mol-1. The differences between the calculated and experimental 
values of the free energy of dimerization of acetic acid (AA)2 and formic acid (FA)2 (0.3 – 
1.9 kcal mol-1 in Table 2) are therefore consistent with the errors in the evaluation of the free 
energies of solvation of the monomers and dimers of formic acid and acetic acid.Table 2 also 
reports the values of pKD obtained with the counterpoise correction (CPC) of Boys and 
Bernardi to account for the basis set superposition error (BSSE)48 during geometry 
optimization. The constants obtained with (“cpc”) and without (“no-cpc”) the counterpoise 
method differ by less than 0.2 units. As the cost of calculating the CPC is typically greater 
than that of calculating the original gas-phase interaction energy,49 we have not included this 
term in the evaluation of the gas-phase energy of carboxylic acid clusters. These results 
indicate that the SMD/M06-2X/6-31+G(d,p) method slightly over-stabilizes the formation of 
(AA)2 and (FA)2 in solution but is still sufficiently accurate to provide a quite accurate 
prediction of the thermodynamic stability in solution of carboxylic acid clusters. 
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3.2	Acetic	acid	
The free energies of formation in the gas-phase (∆ܩ௔௦௦° ) and in polar (water) and non-polar 
(chloroform and carbon tetrachloride) solvents (∆ܩ௔௦௦∗ ) of acetic acid (AA) clusters consisting 
of two (dimer), three (trimer), four (tetramer) and five (pentamer) molecular units are listed in 
Table 3.  
The cyclic structure I, which is reported in Figure 1, is the most stable dimeric species 
in both the gas phase and solution. When chloroform and carbon tetrachloride are used the 
formation of the cyclic dimer is highly exoergonic (∆ܩ௔௦௦∗ = -3.20 kcal mol-1 in CHCl3 and 
∆ܩ௔௦௦∗ = -5.87 kcal mol-1 in CCl4). In water the free energy of reaction is -0.18 kcal mol-1 but 
as discussed in section 3.1 our calculation slightly overestimates the interaction between 
acetic acid molecules. Isomer VIII of (AA)2 could also be stable in carbon tetrachloride 
(∆ܩ௔௦௦∗ = -0.33 kcal) but all other types of dimers have positive values of the free energy of 
dimerization (see Table 3). Therefore, according to our simulations, and in agreement with 
previous studies,23,24,35 in apolar solvants acetic acid molecules tend to form stable cyclic 
carboxylic dimers I. 
To locate the low-lying energy structures of the acetic acid trimer we have generated 
7500 candidate (AA)3 structures by considering the aggregation of three monomers [trimers 
of type (AA)3,(3M)] and of the cyclic dimer I with one acetic acid molecule [trimers of type 
(AA)3,(D+M)]. The gas-phase energies of these two types of structures, which are reported in 
Figure 3, are scattered in two different regions and the trimers of type (AA)3,(D+M) are 
approximately 20 kcal mol-1 lower than the trimers of type (AA)3,(3M). From the trimeric 
structures of type (AA)3,(D+M) we have distinguished eight possible low-lying isomers of 
(AA)3, which all consist of an acetic acid molecule interacting via H-bonding with the 
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carboxylic or methyl groups of the cyclic dimeric unit (see Figure 4). In Table 3 we have 
listed the energetics of formation of the acetic acid trimers I-VIII computed according to the 
trimerization reactions (i) (AA)2 + AA → (AA)3,(D+M) and (ii) 3AA → (AA)3,(D+M). In 
chloroform and carbon tetrachloride, acetic acid trimers are stable with respect to non-
associated monomers [reaction (ii)] and the lowest energy isomers (structures I and V in 
Figure 4) correspond to the favourite aggregation modes for (AA)3 found during molecular 
dynamics simulations of acetic acid in explicit carbon tetrachloride solvent molecules.6 
Moreover, the thermodynamic stability of acetic acid trimers in CCl4 supports the findings of 
Bulmer and Shurvell,50 who proposed that species larger than dimers should be present in 
appreciable concentration in solution in order to account for infrared data on the acetic acid – 
carbon tetrachloride system. 
For tetramers we located the isomers of (AA)4 by evaluating the energies of 10000 
candidate structures of type (AA)4,(D+D), where D is the cyclic dimer I in Figure 1 [structures 
of type (AA)4,(D+D)were found to be considerably lower in energy than those of type 
(AA)4,(Tr+M) and (AA)4,(D+2M)]. As the number of units in a molecular cluster increases, it 
becomes more difficult to classify an optimized structure to a specific type of isomer, as 
previously done for the dimeric and trimeric structures of acetic acid. Consequently, the 
energetics of formation of (AA)4 in Table 3 are the Boltzmann average values of the energies 
and free energies of 47 optimized tetramers, which have been computed according to the 
following reactions: (i) (AA)2 + (AA)2 → (AA)4,(D+D); (ii) (AA)3 + AA → (AA)4,(D+D); (AA)2 
+ 2AA → (AA)4,(D+D). Representative low-lying structures of type (AA)4,(D+D) of acetic acid 
tetramers are reported in Figure 5. The free energy of self-association of two cyclic dimers I 
[reaction (i)] is endoergonic (ΔG > 0) in all media but reactions (ii) (∆ܩ௔௦௦∗ = -1.36 kcal mol-1) 
and (iii) (∆ܩ௔௦௦∗ = -0.56 kcal mol-1) are exoergonic (ΔG < 0) in carbon tetrachloride, which 
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would suggest that acetic acid tetramers exist in apolar solution. However, the aggregation 
pathways (AA)3 + AA → (AA)4,(D+D) and (AA)2 + 2 AA → (AA)4,(D+D) do not take into 
account that in solutions containing monomers, dimers and trimers we could have first the 
formation of intermediate tetrameric structures of type (AA)4,(D+2M) or (AA)4,(Tr+M), followed 
by the process of reorganization of the molecules in the clusters to give the lower free energy 
species (AA)4,(D+D). The free energy differences between the tetramers of type (AA)4,(Tr+M), 
(AA)4,(D+2M) and (AA)4,(D+D) are reported in Figure 6, where the values were obtained from 
the Boltzmann average free energies of the isomers of (AA)4,(Tr+M), (AA)4,(D+2M) and 
(AA)4,(D+D), respectively. Figure 6 shows that the formation of tetramers of type (AA)4,(D+2M) 
(∆ܩ௔௦௦∗ = 2.65 kcal mol-1 in CCl4) and (AA)4,(Tr+M) (∆ܩ௔௦௦∗ = 1.17 kcal mol-1 in CCl4) is not 
favourable, and, consequently, the formation of the tetrameric structures (AA)4,(D+D)could be 
hindered by the thermodynamic instability of the intermediate species (AA)4,(D+2M)and 
(AA)4,(Tr+M). Moreover, there could also be an activation barrier associated with the 
reorganization of acetic acid molecules from the molecular arrangement in the tetramers 
(AA)4,(D+2M) or (AA)4,(Tr+M)to the arrangement observed in the (AA)4,(D+D)species (see Figure 
5). 
The energetics of formation of pentamers in Table 3, which representative most stable 
structures are reported in Figure 7, is highly endoergonic in all solvation environments and 
this higher order species is unlikely to be found in solution. To probe the PES and locate the 
low-lying isomers of (AA)5 we evaluated the energies of 10000 candidate structures of type 
(AA)5,(Tr+D), and the energetics in Table 3 are the Boltzmann  average values of the energies 
of 46 optimized pentameric structures. 
Page 15 of 57
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
16 
 
3.3	Tetrolic	acid	
The free energies of formation of dimers, trimers, tetramers and hexamers of tetrolic acid 
(TTA) are listed in Table 4. We located nine isomers on the PES of the tetrolic acid dimer, 
which structures are reported in Figure 8. The cyclic structure I is the only dimeric species 
that is stable in chloroform (∆ܩ௔௦௦∗  = -1.80 kcal mol-1) and carbon tetrachloride (∆ܩ௔௦௦∗  = -4.62 
kcal mol-1) but not in water (∆ܩ௔௦௦∗  = 0.85 kcal mol-1). Isomer I corresponds to the structural 
synthon found in the polymorph of tetrolic acid that crystallizes from chloroform and carbon 
tetrachloride (α-TTA).4,51 The formation of all other dimers is endoergonic in both the gas-
phase and solution but it is interesting to notice that the second most stable isomer of (TTA)2 
(structure II in Figure 8) corresponds to the catemeric unit found in the β form of TTA.51  
The energetics of formation of the trimers in Table 4 represent the Boltzmann average 
of the energies and free energies of 40 low-lying structures, which were selected from 6000 
candidate structures of type (3M)Tr and 3000 candidate structures of type (D+M)Tr, where D 
and M are the optimised geometries of the cyclic dimer I and of the tetrolic acid molecule, 
respectively. The most stable structures of (TTA)3, which are reported in Figure 9, show that 
the isomers of the tetrolic acid trimer consist of a cyclic dimer I interacting with a tetrolic 
acid molecule and, similarly to what found for acetic acid, in the most stable isomer of (AA)3 
(structure I in Figure 9) the carboxylic acid molecule forms both an O-H···O and an C-H···O 
bond to the dimer. Notice also that species I corresponds to the structural unit found in the β 
form of TTA.51 
Tetramers of tetrolic acid could form from the aggregation of two cyclic dimer I, 
(TTA)4,(D+D), a cyclic dimer I with two tetrolic acid molecules (TTA)4,(D+2M), and the trimer I 
with one tetrolic acid molecule (TTA)4,(Tr+M). However, Figure 10 shows that tetramers of 
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type (TTA)4,(D+D)are significantly lower in energy than tetramers of type (TTA)4,(D+2M) and 
(TTA)4,(Tr+M). Some representative (TTA)4,(D+D)structures are reported in Figure 11 where we 
have highlighted some of the H-bonding between the cyclic dimeric units that stabilize the 
clusters. The energetics of formation of (TTA)4,(D+D)in Table 4, which have been obtained 
from the Boltzmann average of the energies of 70 minima on the PES of (TTA)4,(D+D), 
indicate that the self-association of tetrolic acid dimers [reaction (TTA)2 + (TTA)2 → (TTA)4 
in Table 4] is endoergonic, but the formation of tetramers could occur in carbon tetrachloride 
only along the aggregation pathway (TTA)3 + (TTA) → (TTA)4 (∆ܩ௔௦௦∗  = -1.35 kcal mol-1). 
However, this reaction does not take into account the energetics required for the formation of 
intermediate clusters of type (TTA)4,(Tr+M), which could form when a trimer I interacts with a 
tetrolic acid molecule. In Figure 12 the free energy profiles along the reaction pathways (i) 
(TTA)3 + (TTA) → (TTA)4 and (ii) (TTA)2 + 2 (TTA) → (TTA)4 indicate that species of 
type (TTA)4,(Tr+M)and (TTA)4,(D+2M)are unstable in solution and they could therefore hinder 
the formation of the thermodynamically stable (TTA)4,(D+D)tetramers. 
Table 4 also reports the Boltzmann average values of the energetics of formation of 
hexamers, which low lying energy structures have been located by considering 8000 
structures of type (TTA)6,(3D), where D was the cyclic dimer I. The values in Table 4 indicate 
that the formation of (TTA)6 species is highly endoergonic in all solvation environments. 
Based on our simulations we therefore suggest that in homogeneous tetrolic acid 
aqueous solutions the monomers of TTA dominate, whereas in apolar aprotic solvents, like 
carbon tetrachloride or chloroform, tetrolic acid molecules form stable dimeric (I in Figure 8) 
and trimeric (I in Figure 9) species that have structural features resembling the α and β 
polymorphic forms of TTA. 
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3.4	Benzoic	acid	
The energetics of formation of the dimers, trimers and tetramers of benzoic acid (BA) in the 
gas-phase and in solution are reported in Table 5. Molecules of benzoic acid have the ability 
to form H-bonds, π–π and OH/π interactions and therefore it would have been difficult to 
locate the most stable isomers of (BA)n clusters only by means of chemical intuition. 
Using the computational protocol adopted in this work we located eighteen isomers 
on the PES of (BA)2 and the structure of the six most stable benzoic acid dimers are 
displayed in Figure 13. The energetics of the dimerization reaction indicate that in chloroform 
(∆ܩ௔௦௦∗  = -2.97 kcal mol-1) and carbon tetrachloride (∆ܩ௔௦௦∗  = -7.77 kcal mol-1) the classic 
carboxylic structure I is thermodynamically very stable. Isomers III (∆ܩ௔௦௦∗  = -0.75 kcal mol-
1) and IV (∆ܩ௔௦௦∗  = -0.56 kcal mol-1), which consist of two molecules interacting via a single 
H-bonding, could also form in carbon tetrachloride. For all other dimeric structures, where 
the benzoic acid molecules interact via weaker π-π and OH/π interactions (II, V and VI in 
Figure 13), the energetics of dimerization is positive in both the gas phase and solution (see 
Table 5). 
To locate the low-lying energy structures of benzoic acid trimers we generated and 
computed the energies of 10000 candidate structures of type (3M)Tr and (D+M)Tr. The 
energetics of trimerization reaction in Table 5 represents the Boltzmann average values of 36 
low-lying (BA)3 isomers. The aggregation of the cyclic dimer I with a benzoic acid molecule 
[(BA)2 + BA → (BA)3] is not thermodynamically favourable, but in carbon tetrachloride the 
free energy change for the tetramerization reaction 3(BA) → (BA)3 is highly exoergonic (-
5.20 kcal mol-1). This result agrees with experiments of apolar (benzene) solutions of benzoic 
acids by Goralski and Taniewska, who found that the presence of monomers, dimers as well 
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as trimers were required to account for osmometric data.52 We have verified the stability of 
benzoic acid trimers in benzene by computing the energetics of the benzoic acid – benzene 
system, and the resulting Boltzmann average free energy of trimerization reaction 3(BA) → 
(BA)3 is negative (-1.94 kcal mol-1). On the other hand, recent density functional theory 
[PCM/B3P86/6-31G(d,p)] calculations of the trimerization of benzoic acid in benzene did not 
support the formation of substantial amount of the trimeric phase.53 However, in this study 
the authors considered a single (BA)3 structure, which gas-phase stabilization energy (∆ܧ௘,௚௔௦ 
= -22.58 kcal mol-1)53 is lower than the Boltzmann average value reported in Table 5 (∆ܧ௘,௚௔௦ 
= -28.20 kcal mol-1). In fact, several (BA)3 isomers located in this work are significantly 
more stable than the structure reported by Pham and co-workers,53 where three benzoic 
molecules interacting via the three carboxylic groups, such as isomer V in Figure 14, which 
consist of a benzoic acid molecule interacting via H-bonding as well as π–π interaction with 
the cyclic dimer I. We would like also to mention that using our searching technique we 
determined several isomers with a gas-phase stabilization energy in the range [-15.6, -23.9] 
kcal mol-1 [the structures and energetics of the trimers of type (BA)3,(D+M) and (BA)3,(3M)  
reported in Supporting Information]. Moreover, it is also important to stress that when using 
DFT methods to compute relative energies of weakly bounded complexes such as (CA)n the 
inclusion of diffuse functions on non-hydrogenionic atoms is crucial,32,54 and the 6-31G(d,p) 
basis set employed by Pham and co-workers to evaluate the gas-phase reaction energies could 
have not provided a sufficient accuracy for the evaluation of the energetics of dimerization 
and trimerization reactions of benzoic acid. 
For the tetramers we determined the structure and free energies of 22 (BA)4 low-lying 
energy structures, which were selected from 5000 candidate structures of type (BA)4,(D+D), 
where D is the benzoic acid cyclic dimer I in Figure 13. The isomers of (BA)4 consist of two 
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dimeric units arranged in a stacked configuration, which allows the formation of both H-
bonding and/or π-π interactions between the molecules of benzoic acid (see Figure 15). In 
chloroform and carbon tetrachloride, where benzoic acid molecules form stable classic 
carboxylic species, the aggregation of two dimers [(BA)2 + (BA)2 → (BA)4,(D+D)] is 
endoergonic (∆ܩ௔௦௦,஼ு஼௟య
°  = 1.65 kcal mol-1 and ∆ܩ௔௦௦,஼஼௟ర
°  = 3.04 kcal mol-1), but according to 
the values reported in Table 5, the (BA)4,(D+D)tetramers could form along the reaction 
pathways (BA)2 + 2 BA → (BA)4 and (BA)3 + BA → (BA)4. Figure 16 reports the relative 
free energies of formation of the molecular aggregates (BA)4,(D+D), (BA)4,(D+2M) and 
(BA)4,(Tr+2M), where the values have been obtained from the Boltzmann average of the free 
energies of the molecular clusters of type (BA)4,(D+D)(tetramers consisting of two benzoic acid 
cyclic dimer I units), (BA)4,(Tr+2M) (tetramers containing the most stable trimer in CCl4, 
isomer I in Figure 14), and (BA)4,(D+2M). Structures of type (BA)4,(D+D) represent the lowest 
energy molecular aggregates but stable intermediate clusters of type (BA)4,(Tr+2M)could also 
form from the aggregation of trimers and monomers [(BA)3 + BA → (BA)4] in apolar 
solents. On the other hand, the formation of the tetramers (BA)4,(D+D)along the reaction 
pathway (BA)2 + 2 BA → (BA)4 is thermodynamically hindered by the instability of species 
of type (BA)4,(D+2M). 
4.	Summary	and	Conclusions	
Density functional theory [M06-2X/6-31+G(d,p)] continuum solvation (SMD) calculations 
were used to determine the structure, thermodynamic stability and free energy pathways for 
the formation of carboxylic acid clusters: formic acid (FA)n (n = 2), acetic acid (AA)n (n = 2-
5), tetrolic acid (TTA)n (n = 2-6) and benzoic acid (BA)n (n = 2-4). The low-lying energy 
structures of weakly interacting molecular complexes were located by adopting a search 
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procedure to probe the potential energy surface of (CA)n. The free energies of the low-lying 
energy isomers of (CA)n in solution were determined as the sum of the electronic energy, 
vibrational-rotational-translational gas-phase contribution and solvation free energy. Based 
on the results we conclude the following: 
i. The application of the computational approach adopted in the present study to 
compute the dimerization of acetic acid and formic acid resulted in the location of 
three new low lying isomers of (AA)2 and one new isomer of (FA)2. The Boltzmann 
averaged dimerization constants (pKD) of (AA)2 and (FA)2 were in good agreement 
with the values of pKD obtained experimentally. 
ii. The most stable isomer of the carboxylic acid dimer, in both the gas phase and 
solution, is the classic carboxylic species, which formation is endoergonic in apolar 
aprotic solvents like chloroform and carbon tetrachloride. 
iii. For all carboxylic acids we found that the formation of trimers according to reaction 
3CA → (CA)3 is thermodynamically spontaneous in chloroform and carbon 
tetrachloride. The stability of (CA)3 species in solution support experimental data of 
acetic acid – carbon tetrachloride50 and benzoic acid – benzene benzoic52 systems, 
which suggested that trimers are present in appreciable concentrations in apolar 
aprotic solvents. 
iv. The structure of the most stable trimer of tetrolic acid consist of the cyclic dimeric 
unit, corresponding to the structural synthon found in the α polymorph of tetrolic acid, 
which forms both an O-H···O and an C-H···O bond to a tetrolic acid molecule and that 
corresponds to the catameric unit found in the β-TTA.28  
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v. For all carboxylic acid, the most stable tetrameric structures consist of two interacting 
cyclic dimers, (CA)4,(D+D), but the self-association reaction (CA)2 + (CA)2 →
(CA)4,(D+D)is endoergonic  in all solvation environments. 
vi. Tetramers of type (CA)4,(D+D)could form in carbon tetrachloride and chloroform along 
the reaction pathways (CA)2 + 2 (CA) → (CA)4 and (CA)3 + CA → (CA)4. For acetic 
acid and tetrolic acid these aggregation reactions involve the formation of 
intermediate clusters of type (CA)4,(D+2M)and (CA)4,(Tr+M)that are unstable in solution. 
For benzoic acid tetrameric structures could also form from the aggregation of trimers 
and monomers in carbon tetrachloride and chloroform [(BA)3 + BA → (BA)4]. 
The free energy pathways for the formation of the dimers, trimers and tetramers of acetic 
acid, tetrolic acid and benzoic acid as computed at the SMD/M06-2X/6-31+G(d,p) level of 
theory are summarized in Figure 17. 
vii. Higher order clusters such as acetic acid pentamers and tetrolic acid hexamers are 
highly unstable in all solvation environments. 
In conclusion, this work proposes the application of a computational approach for the 
determination of the structure and stability in solution of molecular clusters. We conducted 
all calculations using an accurate, but computationally demanding, hybrid density functional 
method (M06-2X). As all calculation of the thermodynamic properties of weakly interacting 
carboxylic acid molecular clusters should consider the location of the low-lying isomers other 
than the deepest minimum structures, the application of this method to large and/or 
conformationally flexible molecules would require prohibiting computational resources. 
However, a hybrid methodology could be adopted where the gas-phase contributions to the 
free energy (ܧ௘,௚௔௦ ൅ ߜܩ௏ோ்,௚௔௦°  in eqn. 2) is computed using a forcefield model, which 
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accuracy could be assessed with respect to the structures and energetics reported in this study, 
and the solvation free energy term is evaluated using the accurate SMD model (Δܩ௦௢௟௩∗  in 
eqn. 3). 
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Tables	
 
Table 1. Simulation systems investigated in the present work. 
 
 
  
Formic acid (FA) 
Acetic acid (AA) 
Tetrolic acid (TTA)
Benzoic acid (BA) 
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Table 2. Calculated and experimental values of the dimerization constants (pKD) of acetic 
acid (AA)2 and formic acid (FA)2. 
 
aWe use “no-cpc” to denote calculations without counterpoise correction for the basis set 
superposition error (BSSE). bWe use “cpc” to denote geometry optimization with 
counterpoise correction for BSSE. cTaken from Ref [13]. dTaken from Ref [45]. eTaken from 
Ref [46]. fTaken from Ref [47]. 
 
  
  solvent  M06‐2X (no‐cpc)a M06‐2X (cpc)b PMFc  exptl 
(AA)2  H2O  ‐0.25  ‐0.32  0.038 ± 0.01  0.0‐1.2d 
  CHCl3  ‐2.33  ‐2.52    ‐1.8e 
  CCl4  ‐4.27  ‐4.46     
(FA)2  H2O  0.79  0.76  0.25 ± 0.02  1.2‐2.1f 
  CHCl3  ‐1.13  ‐1.14     
  CCl4  ‐3.18 ‐3.19  
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Table 3. Energetics [kcal mol-1] of formation of acetic acid (AA) clusters as computed at the 
M06-2X/6-31+G(d,p) level of theory:  ∆ܧ௘,௚௔௦ is the gas phase interaction energy; ∆ܩ௔௦௦°  is 
the standard state (1 atm) gas-phase free energy of association at 298 K; ∆ܩ௔௦௦∗  is the standard 
state (1 mol L-1) free energies of reaction in the liquid-phase.  
species  reaction  type ∆ࡱࢋ,ࢍࢇ࢙ ∆ࡳࢇ࢙࢙°   ∆ࡳࢇ࢙࢙∗  
          H2O  CHCl3  CCl4 
dimer  AA + AA → (AA)2  I  ‐17.70  ‐6.56  ‐0.18 ‐3.20  ‐5.87 
    II  ‐9.19  1.06  4.69  3.00  1.13 
    III  ‐9.96  0.43  3.81  2.30  0.71 
    IV ‐7.16 3.03 5.09 4.14  3.00 
    V  ‐7.16  1.97  2.93  2.14  1.26 
    VI  ‐10.05  0.63  3.79  2.30  0.91 
    VII  ‐6.36  4.76  5.37  5.20  4.77 
    VIII  ‐10.07  ‐0.10  2.61  1.22  ‐0.33 
    IX ‐4.66 5.08 5.97 5.66  5.20 
trimer  (AA)2 + AA + → (AA)3 a I  ‐9.36  0.59  3.02  2.02  0.75 
    II ‐9.06 2.63 4.71 2.88  2.72 
    III ‐5.73 4.21 4.52 2.69  3.52 
    IV  ‐7.78  3.14  4.66  2.83  2.87 
    V  ‐7.99  2.60  5.17  3.34  2.55 
    VI  ‐8.81  4.56  5.03  3.21  5.04 
    VII ‐7.99 3.11 5.24 3.41  3.21 
  3 AA → (AA)3  a  I  ‐27.07  ‐5.91  2.90  ‐1.13  ‐5.07 
    II ‐26.77 ‐3.88 4.58 ‐0.27  ‐3.10 
    III ‐23.44 ‐2.29 4.40 ‐0.45  ‐2.29 
    IV  ‐25.49  ‐3.37  4.53  ‐0.32  ‐2.95 
    V  ‐25.69  ‐3.91  5.05  0.20  ‐3.27 
    VI  ‐25.51  ‐1.95  4.91  0.06  ‐0.78 
    VII ‐25.69 ‐3.40 5.12 0.27  ‐3.16 
tetramer  (AA)2 + (AA)2 → (AA)4  b   ‐10.40  4.70  3.69  4.78  5.26 
  (AA)3 + AA → (AA)4  b   ‐18.78  ‐2.12  0.46  ‐0.46  ‐1.36 
  (AA)2 + 2 AA → (AA)4  b ‐28.10 0.00 3.57 1.63  ‐0.56 
pentamer  (AA)3 + (AA)2 + → (AA)5  c   ‐11.82  5.50  4.32  5.46  6.12 
  2 (AA)2 + AA → (AA)4  c   ‐21.14  6.13  7.43  7.55  6.93 
aTrimers generated using as building units the gas phase geometries of the acetic acid 
molecule and the cyclic dimer I. bTetramers generated using as building units the cyclic 
dimer I. cPentamers generated using as building units the cyclic dimer I and the trimeric 
structure I. 
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Table 4. Energetics [kcal mol-1] of formation of tetrolic acid (TTA) clusters as computed at 
the M06-2X/6-31+G(d,p) level of theory:  ∆ܧ௘,௚௔௦ is the gas phase interaction energy; ∆ܩ௔௦௦°  
is the standard state (1 atm) gas-phase free energy of association at 298 K; ∆ܩ௔௦௦∗  is the 
standard state (1 mol L-1) free energies of reaction in the liquid-phase.  
species  reaction  type ∆ࡱࢋ,ࢍࢇ࢙ ∆ࡳࢇ࢙࢙°   ∆ࡳࢇ࢙࢙∗  
          H2O  CHCl3  CCl4 
dimer  TTA + TTA → (TTA)2  I  ‐17.56  ‐5.38  0.85  ‐1.80  ‐4.62 
    II  ‐9.61  2.03  5.13  4.19  2.79 
    III  ‐9.33  2.21  5.34  4.45  2.99 
    IV ‐7.06 5.25 7.23 7.27  6.47 
    V  ‐6.79  4.00  6.41  6.03  4.52 
    VI  ‐6.17  5.22  5.98  4.42  4.60 
    VII  ‐5.04  5.96  6.30  6.78  6.37 
    VIII  ‐5.42  9.30  8.73  9.28  9.11 
    IX ‐1.02 11.03 11.14 10.65  10.26 
trimer  (TTA)2 + TTA → (TTA)3 a   ‐8.90  1.48  3.50  3.97  2.37 
  3 TTA → (TTA)3 a    ‐26.47  ‐3.90  4.30  2.19  ‐2.23 
tetramer  (TTA)2 + (TTA)2 → (TTA)4 b   ‐8.11  3.72  3.30  5.76  5.61 
  (TTA)3 + TTA → (TTA)4  b   ‐16.53  ‐1.54  ‐0.30  ‐0.05  ‐1.35 
  (TTA)2 + 2 TTA → (TTA)4 b   ‐25.68  0.22  4.09  3.83  0.84 
hexamer  3 (TTA)2 → (TTA)6  c   ‐20.23  10.28  3.77  10.61  11.81 
a Trimers generated using the gas phase geometries of the tetrolic acid molecule and the 
cyclic dimer I. bTetramers generated using two acetic acids cyclic dimers I. cHexamers 
generated using three acetic acid cyclic dimers. 
 
  
Page 32 of 57
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
33 
 
Table 5. Energetics [kcal mol-1] of formation of benzoic acid (BA) clusters as computed at 
the M06-2X/6-31+G(d,p) level of theory:  ∆ܧ௘,௚௔௦ is the gas phase interaction energy; ∆ܩ௔௦௦°  
is the standard state (1 atm) gas-phase free energy of association at 298 K; ∆ܩ௔௦௦∗  is the 
standard state (1 mol L-1) free energies of reaction in the liquid-phase.  
species  reaction  structure ∆ࡱࢋ,ࢍࢇ࢙ ∆ࡳࢇ࢙࢙°   ∆ࡳࢇ࢙࢙∗  
          H2O  CHCl3  CCl4 
dimer  BA + BA → (BA)2  I  ‐18.51  ‐6.48  0.21  ‐2.97  ‐7.77
    II  ‐9.46  2.44  2.40  3.63  1.15 
    III  ‐9.23  1.33  2.64  2.25  ‐0.75
    IV ‐9.20 1.34 4.50 3.30  ‐0.56
    V  ‐7.98  3.68  2.33  4.26  2.14 
    VI  ‐7.041  4.24  1.26  4.09  2.43 
    VII  ‐7.36  4.96  2.51  4.80  3.12 
    VIII  ‐6.90  3.98  1.06  3.90  2.21 
    IX ‐6.83 4.53 1.54 4.44  2.80 
    X  ‐6.55  4.72  1.77  4.56  2.93 
    XI  ‐6.54  5.89  2.63  5.56  3.96 
    XII  ‐6.47  5.70  3.40  5.56  3.90 
    XIII  ‐5.73  6.10  2.33  5.58  3.09 
    XIV ‐5.56 5.34 2.42 4.66  4.03 
    XV  ‐5.29  6.06  3.03  5.54  3.88 
    XVI  ‐4.48  5.97  4.96  5.89  3.45 
    XVII  ‐4.21  5.10  4.71  5.15  2.29 
    XVIII ‐3.48 7.33 5.41 6.93  4.93 
trimer  (BA)2 + BA → (BA)3 a   ‐9.73  3.44  0.31  3.61  2.67 
  3 (BA) → (BA)3 a    ‐28.20  ‐3.17  0.43  0.55  ‐5.20
tetramer  (BA)2 + (BA)2 → (BA)4  b ‐14.14 1.19 ‐4.07 1.65  3.04 
  (BA)2 + 2 (BA) → (BA)4  b   ‐32.65  ‐5.38  ‐3.55  ‐1.41  ‐4.83
  (BA)3 + (BA) → (BA)4 b   ‐22.96  ‐8.78  ‐4.07  ‐5.03  ‐7.50
aTrimers generated using the gas phase geometries of the benzoic acid molecule and the 
cyclic dimer I. bTetramer generated using two benzoic acids cyclic dimers I. 
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Figure 1. Structures of acetic acid dimers. In bold are the structures that have been located in this study. In parenthesis are given the energy 
differences with respect to structure I. Distances in Å and energies in kcal mol-1. 
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Figure 2.  Structures of formic acid dimers. In bold are the structures that have been located in this study. In parenthesis are reported the energy 
differences with respect to structure I. Distances in Å and energies in kcal mol-1. 
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Figure 3. Relative energies of candidate structures of acetic acid trimers generated from the 
aggregation of three acetic acid molecules, (3M)Tr, and of the cyclic dimer I with on acetic 
acid molecule, (D+M)Tr. Values computed at the M06-2X/6-31+G(d,p) level of theory. 
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Figure 4.  Structures of acetic acid trimers. In parenthesis are given the energy differences with respect to structure I. Distances in Å and 
energies in kcal mol-1. 
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Figure 5. Structures of acetic acid tetramers. Distances in Å. 
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Figure 6.  Calculated reaction free energy of acetic acid tetramers. 
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Figure 7.  Structures of the acetic acid pentamers. Distances in Å. 
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Figure 8.  Structures of tetrolic acid dimers. In parenthesis are given the energy differences with respect to structure I. Distances in Å. 
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Figure 9.  Structures of tetrolic acid trimers. The gas phase interaction energies and the standard state (1 mol L-1) free energies of formation in 
water, chloroform and carbon tetrachloride (values in parenthesis) computed according to the association reaction 3 BA → (BA)3 are also 
reported. Distances in Angstrom and energies in kcal mol-1. 
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Figure 10. Relative energies of the candidate structures of the tetrolic acid acid tetramer 
generated using as building units two cyclic dimers I, (D+D)T, the cyclic dimer I with two 
tetrolic acid molecules, (D+2M)T, and the most stable trimer I with one tetrolic acid 
molecule, (Tr+M)T. Values computed at the M06-2X/6-31+G(d,p) level of theory. 
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Figure 11.  Structures of the tetrolic acid tetramers. Distances in Å. 
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Figure 12.  Calculated reaction free energy of tetrolic acid tetramers. 
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Figure 13.  Structures of the six most stable benzoic acid dimers. In parenthesis are given the 
energy differences with respect to structure I. Distances in Å and energies in kcal mol-1. 
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Figure 14.  Structures and gas phase interaction energies (∆ܧ௘,௚௔௦ሻ of the most stable benzoic 
acid trimers. In parenthesis are reported the standard state (1 mol L-1) free energies of 
reaction in carbon tetrachloride (∆ܩ௔௦௦∗ ) computed according to the association reaction 3 BA 
→ (BA)3. Distances in Angstrom and energies in kcal mol-1. 
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Figure 15.  Structures of representative benzoic acid tetramers. Distances in Angstrom. 
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Figure 16.  Calculated reaction free energy of benzoic acid tetramers. 
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Figure 17. Free energy pathways of the formation in carbon tetrachloride of dimers, trimers 
and tetramers of acetic acid (AA), tetrolic acid (TTA) and benzoic acid (BA). Values in kcal 
mol-1. 
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